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Abstract
The study presented here describes an investigation of an oxidation scale of a fully-sintered
Y2O3-ZrB2-TiC composite exposed in air at 1173K. Upon oxidation of the boride/carbide, a ZrO2-TiO2
was expected to form similar to the ZrO2-SiO2 dual scale of an oxidized ZrB2-SiC. The 47wt% Y2O338wt%ZrB2-16wt%TiC composite formed a dual scale consisting primarily of an Y2O3-ZrO2-TiC inner
scale with an outer scale of ZrO2-TiO2-Y2O3.
The samples oxidized with a parabolic layer growth allowing the calculation of the effective
diffusion coefficient indicating that the oxidation was controlled by oxygen ingress through primarily
the ZrO2-Y2O3 phase. The oxygen potential between the inner layer and the Y2O3-ZrB2-TiC core was
estimated by a thermodynamically calculated phase diagrams of TiC-ZrB2 and Ti-ZrB2-O2.
For comparison purposes, a sample composed of HfB2 – TiC – Y2O3 – Ta sample was also
oxidized at a temperature of 1773K. In this case, tantalum does not seem to react with any of the
borides/carbides present in the sample. In fact, it is protected by a Y2O3 scale. The rest of the sample
oxidizes very similar to the ZrB2 – TiC – Y2O3 sample; exhibiting the same oxidation mechanism.
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Chapter 1: Introduction
1.1

Overview
For long time scientist and researchers have been interested in the use of metal diborides for high

temperature applications due to their high melting points (e.g., ZrB2 at 3518 K and HfB2 at 3653 K)
coupled with their ability to form refractory oxide scales (e.g., ZrO2 melts at 2950 K and HfB2 at 3073
K). The melting temperatures give these materials the ability to withstand temperatures in the 2200 K
range, but alloying is required for scale development. These materials often called ultra-high
temperature ceramics (UHTC) are used in the aerospace industry for airframe leading edges on sharpbodied reentry vehicles as well as turbine blades (Levine, et al., 2002).
Even though materials can be consider for the use as a high temperature ceramics, the lack of
economical processing methods limits the research in this area to ceramic borides and carbides. These
ceramics are characterized by high melting points, high hardness, good chemical inertness and oxidation
resistance (Gasch, et al., 2005). The ceramics that offer the best oxidation resistance are the diboride
compounds; for this reason, research has focused mainly in the transition metals of groups IV and V
(i.e., Ti, Zr, Hf, Nb, Ta) of the periodic table. Noted the strong covalent bonding and the high negative
free energies of formation of most borides are responsible for their high melting points, moduli, and
hardness values give them excellent stability under many conditions (Cutler, 1991).
The system under study consists of ZrB2 and TiC having melting temperatures of 3245˚C and
3067˚C, respectively, with possible similarities to the ZrB2-SiC system, though also with differences as
explained briefly here and in section 2.6. For instance, Fahrenholtz (2007) expose of ZrB2 to air
resulting in the stoichiometric oxidation to crystalline ZrO2 and liquid B2O3 by reaction (1):
ZrB2+ O2  ZrO2+B2O3

1

(1)

At high temperatures, the rate of vaporization for B2O3 is greater than its production rate, this
leaves a porous ZrO2, which for aerospace purposes is not viable (Fahrenholtz, 2007). To improve the
oxidation resistance of ZrB2, crystalline SiC is added to promote the formation of a silica-rich scale
(Tripp, et al., 1973) to serve as a protective scale. At high temperatures SiC oxidizes by Reaction (2) to
form SiO2
SiC+ O2  SiO2 + CO

(2)

The addition of SiC to the system is intended to form liquid SiO2, this will fill the pores formed
in the ZrB2 oxidation and as a consequence minimize oxygen penetration. Another carbide intended for
the same use with similar characteristics is TiC. The oxidation of TiC is expected to form TiO 2 forming
a liquid mixture of liquid B2O3 – TiO2. Following the same process as SiC, the melt is intended to seal
the pores formed by the ZrB2 oxidation. Titanium oxide will also be formed at the outer layer reducing
oxygen diffusion.
The formation of ZrO2 and TiO2 is of great research interest, because it stabilizes the tetragonal
phase, which is more resistant to thermal shock than the monoclinic phases formed at lower
temperatures. Yttria is also added to the system to stabilize the tetragonal and cubic phases of ZrO2 upon
oxidation of ZrO2.
To determine the success of the protective characteristic of the duplex scale of ZrO2 and liquid
SiO2 of the ZrO2 – SiC system, the ZrB2-TiC was pursued to form a ZrO2 layer with liquid TiO2.
Tantalum was added to form, upon oxidation, Ta2O5 which would eventually bring about a TiO2-Ta2O5
liquid sealant. Hence, a TiO2-Ta2O5-B2O3 would form. However, B2O3 starts vaporizing at temperatures
greater than 450 oC, leaving a TiO2-Ta2O5 liquid at 1700 oC.

2

1.2

Research Objective

The objective of the investigation is to oxidize a plasma sintered ZrB2-TiC-Y2O3-Ta system in air at a
1500 ˚C. ZrB2 is expected to oxide into ZrO2 and B2O3 with TiC forming TiO2, Ta oxidizing to Ta2O5.
The main objective is to determine the effectiveness of Ti and Ta oxides for oxidation resistance, as well
as to determine their effect on the microstructural development.
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Chapter 2: Literature Review
For the review of the literature of ZrB2 – TiC – Y2O3 oxidation with and without Ta, the
discussion starts with the ZrB2-SiC composite considering its phase equilibria and oxidation. The ZrB2 –
TiC simulates the ZrB2 – SiC by TiO2 formation and dissolves in the ZrO2 layer after TiC oxidation. The
chapter summarizes primarily the ZrO2 phase equilibria with the effect of Y2O3, TiO2 and Ta2O5. Then
the oxidation of ZrB2 – TiC as the core component composing the scale development with ZrB2 – SiC.
ZrB2 composites are considered for material usage at ultra-high temperatures (≥1500 ˚C), because of the
boride strength. However, a protective scale must form. An understanding the phase equilibria and
oxidation is presented here.

2.1

Zirconium Boride

2.1.1

Mechanical properties
Zirconium Diboride (ZrB2) is a transition metal boride with a hexagonal crystal structure of the

AlB2 type. The highly covalent nature of ZrB2 leads to a high melting temperature (3250 ˚C), high
Vickers’ hardness (23 GPa), and a high four point ﬂexural strength (565 MPa) at room temperature.
Because of its favorable mechanical properties and high melting temperature, ZrB2 has been proposed
for use as a high-temperature structural material (Chamberlain, et al., 2006). Since it is also corrosion
resistance and possesses a favorable wetting angle with molten metal, ZrB2 has been used for molten
metal crucibles, cell cathodes, and submerged nozzle sin continuous steel casting (Mroz, 1994).
Zirconium diboride is also resistant to thermal shock and oxidation, which makes it a candidate for
thermal protection systems, leading edges, and propulsion components in future hypersonic ﬂight
vehicles and reusable launch vehicles.
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2.1.2

Densification of Zirconium Diboride
Recently, ZrB2 ceramics and ZrB2 based composites have been densiﬁed by the various methods,

including hot pressing, spark-plasma sintering, reactive-hot pressing, and pressureless sintering.
Historically, hot pressing has been the dominant method in densiﬁcation studies. Later, spark-plasma
sintering, reactive hot pressing, and pressureless sintering processes evolved as the most common
densiﬁcation methods. In this section, a brief discussion of the hot pressing technique and the promising
spark plasma sintering will be presented.
Regardless of the sintering method chosen, the densiﬁcation of ZrB2 powder generally requires
very high temperatures or very high pressures, as a result of boride’s covalency and its low volume and
grain boundary diffusion rates. Typically, hot-pressing of ZrB2 required a temperature of 2100 oC and
moderate pressure (20–30 MPa), or lower temperatures (∼1800 oC) and extremely high pressures (>800
MPa). During the hot processing method, oxygen impurities cause the formation of B2O3 and ZrO2 have
been shown to inhibit densification and promote grain growth (Guo, 2009). A similar study on TiB2
densification determined that the oxygen within the sample must be less than 0.5wt% to achieve a nearly
full density (Baik, et al., 2005).
One of the most promising processing techniques for the densification of materials is the spark
plasma sintering (SPS). If compared to hot pressing, SPS turns out to be very similar, in place of indirect
heating, the applied electrical ﬁeld heats the die and the powder compact. It has been found that SPS
enhances the densification of ceramics, by applying uniaxial load and a direct pulsed electric current
simultaneously to a powder compact. SPS also restricts grain growth since the sintering time is shorter
in comparison to hot pressing. For this reason, the selection of the sintering temperature is critical for the
development of a dense microstructure. A comparison of the densities acquired using both methods and
the conditions for each densification study is summarized in Table 1.
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Table 1 - Starting powder size, hot pressing conditions and final densities of the hot pressed ZrB2 ceramics (Guo, 2009)

Compositions

Sintering Method

Conditions, [Heating Rate]

Final Density (%)

ZrB2

Hot-Pressing

2000 oC/20 min/20 MPa

73

ZrB2

Hot-Pressing

2000 oC/60 min/30 MPa

91

ZrB2

Hot-Pressing

1900 oC/45 min/32 MPa

99.8

ZrB2

Hot-Pressing

1650 oC/20 min/60 MPa

71.6

ZrB2

Hot-Pressing

1800 oC/60 min/20 MPa

78

ZrB2

SPS

1900 oC/3 min/50 MPa, [300 oC/min]

97.6

ZrB2

SPS

1900 oC/10 min/50 MPa, [300 oC/min]

80

ZrB2

SPS

1950 oC/3 min/50 MPa, [300 oC/min]

98

2.1.3

Oxidation of Zirconium Diboride
In the oxidation of ZrB2, liquid boria forms with its vaporization becoming significant at

temperatures greater than 1000°C.
ZrB2 + (5/2) O2  ZrO2(s) + B2O3(l)

(3)

Talmy et al. reported that a porous ZrO2 forms with liquid boria in the pores as shown in figure 1. The
liquid boria vaporizes at temperatures greater than 1100 oC and as a consequence, the vacated pores
allow oxygen (or air) to reach the ZrB2 core.
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Figure 1 - Schematic for the oxidation of ZrB2 composites at three temperature regions (Talmy, et
al, 2008)

2.2

ZrB2 – SiC system

2.2.1

Mechanical Properties
Improvements to the oxidation resistance of ZrB2 can be accomplished with the addition of 10–

30 vol% silicon carbide (SiC) particulates as a second phase (Zimmermann, et al., 2007). In addition to
the improved oxidation resistance, the SiC particulates increase the strength and fracture toughness of
ZrB2 ceramics at room temperature. Signiﬁcant decreases in the strength at temperatures exceeding
1200°C have been reported for ZrB–SiC materials. The loss in strength is probably the existence of the
glassy BiO2 – B2O3 phase within the grain boundary that result in limited creep resistance and reduced
strengths at elevated temperatures. A summary of the measured mechanical properties of ZrB2 and
without SiC is shown in table 2.
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Table 2 - Relative density, Young's modulus, flexural strength of the ZrB2-based composites with SiC additives and no additives (Guo, 2009)

Composition

2.2.1

Relative density (%)

Young’s Modulus
(GPa)

Flexural strength
(MPa)

ZrB2

99.8

489

565

ZrB2-10SiC

93.2

450

713

ZrB2-20SiC

99.7

466

1003

ZrB2-30SiC

99.8

516

1063

Densification of the ZrB2 –SiC system
Silicon carbide is the most common additive for ZrB2 or HfB2 ceramics. The addition of SiC has

been proven beneficial for the zirconium boride sintering process. Research at the University of
Missouri-Rolla has found that the addition of second phases such as SiC improves densification by
lowering this temperature and may inhibit grain growth to improve strength. Monteverde also reported
that ZrB2 with 10 vol% ultra-ﬁne SiC achieved full density by hot pressing at 1900°C. The improvement
of densiﬁcation upon addition of SiC was attributed to the formation of intergranular liquid phases
during hot-pressing, assisting in densiﬁcation at lower temperatures (Monteverde, et al., 2007). An early
study with ZrB2 containing 4wt% Ni showed that the presence of the liquid phase favors ZrB2 particle
rearrangement as well as enhancing mass transfer kinetics.

2.2.2

Oxidation of the ZrB2 –SiC system
After the sintering process, the most important and challenging aspect of any high temperature

material is their oxidation resistance performance, because it directly determines whether the materials
could survive under oxidizing condition at high temperatures. Great efforts have been devoted to
improve the oxidation resistance of ZrB2-based materials under high temperature, and the most common
strategy is the introduction of additives such as SiC, MoSi2, or TaSi. It has been shown that the
8

introduction of SiC into the ZrB2 ceramics leads to signiﬁcant improvement in oxidation resistance by
the formation of a borosilicate glass layer on exposed surfaces. At 1100°C and above, the oxidation
resistance of ZrB2 can be improved by adding SiC to promote the formation of a silica-rich scale, as
reoirted by Tripp (1971). The oxidation of SiC is much slower than that of ZrB2 in this temperature
regime, as evidenced by SiC inclusions present in the scale (Tripp, et al., 1971). Above 1100°C, SiC
oxidizes by Reaction (5) to form SiO2. The silica-boria layer on ZrB2–SiC concentrates into an enriched
silicate with increasing temperatures as the B2O3 vaporizes. Thus, ZrB2–SiC exhibits slow, diffusioncontrolled mass gain kinetics over a much greater temperature range than has been reported for pure
ZrB2 (Fahrenholtz, 2007).
SiC + O2  SiO2 + CO

(5)

The formation of a ‘‘SiC-depleted layer’’ during oxidation of ZrB2–SiC forms below the outer silicarich scale and it consists of unoxidized diboride, but may contain some retained SiC. Oxidation of ZrB2–
SiC at 1500°C produces a surface scale that is SiO2 rich compared with the scale on pure ZrB2 as shown
by Fahrenholtz image in Fig. 1. Under some conditions, an additional layer consisting of crystalline
ZrO2 and amorphous SiO2 has been observed between the SiC depleted zone and the outer glassy scale.
The duplex layers of ZrO2 and silica-rich from room temperature up to at least 1600 °C. At temperatures
greater than 1600°C, SiC is no longer responsible for the improvement in oxidation resistance of the
composites because of a lack of silica formation during the oxidation process, because the protective
SiO2 layer is removed as SiO and CO. As a consequence, the initially formed silica-enriched glass will
be lost by considerable evaporation and decomposition. For temperatures higher than 1800 oC, ZrO2
recrystallizes into a dense coherent subscale (Han, et al., 2007) protecting the ceramic from oxidation.
Through the mechanism of recrystallization was not discussed, the formation of a ZrO 2 may slow the
oxygen ingress but the actual oxygen diffusion should be determined.
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Figure 2 -A cross-sectional image showing the formation of surface layers in a ZrB2-30 wt%SiC composite (Fahrenholtz, 2007)

2.3

ZrO2 Based Phase Equilibria

2.3.1

ZrO2-Y2O3 Binary
The transformation of cubic-ZrO2 to tetragonal-ZrO2 should be controlled. However, the

tetragonal zirconia to monoclinic zirconia should be diminished during temperature changes, because
the tetragonal to monoclinic transformation is accompanied by a large shear strain and a large volume
increase (Becher, et al., 1987). Together, the strain and volume change create large internal stresses on
cooling. So large, in fact, that pure zirconia sintered above 1170 oC inevitably disintegrates by cracking
upon cooling. However, as noted by Chen, et al., this phase transformation can be suppressed by doping
certain amount of MgO, CaO, Sc2O3, Y2O3 or CeO2 into zirconia alloying pure zirconia with another
oxide to fully or partially stabilize the tetragonal and/or the cubic phase (Chen, et al., 2003). The ZrO2 –
YO1.5 phase equilibria has been extensively investigated though some parts of the phase diagram are still
not well established specially in the Zr2Y2O7 or pyrochlore-type region. The addition of Y2O3 stabilizes
the tetragonal phase of zirconia though the cubic phase encompasses a wider composition range than the
t-ZrO2, as shown in Figure 3. Below approximately 4 mol% YO1.5, tetragonal-ZrO2 transforms to
monoclinic ZrO2 on cooling. In the range of 4-13 mol% YO1.5 a tetragonal+cubic phase of zirconia
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region occurs. On increasing YO1.5 content, the t-ZrO2 with cubic lattice parameters may form. Above
15 mol% YO1.5, cubic ZrO2 becomes completely stabilized and does not transform further for
temperatures above 1500 K. Conflicting results arise in the pyrochlore-type cubic Zr2Y2O7, which was
initially proposed by Roth and confirmed by Fan et al. using XRD techniques. However, Sardi later
explained that the formation of this pyrocholore region is impossible by using neutron diffraction
techniques. Further studies could not confirm the presence of the pyrochlore phase. Therefore, this
pyrocholore phase is frequently excluded from optimizations. Tetragonal and cubic zirconia have only
been found in the ZrO2-Y2O3 phase diagram at temperatures greater than 1639K. Most recent
investigations have been performed computationally by Chong and Aldinger, using the Calphad
technique (Chong, et al., 2004), who concurs with the diagram calculated by Chen et al. (2004).

2.3.2

ZrO2-TiO2 Binary
The ZrO2 – TiO2 phase diagram has been studied intensively over many years. However, no

general agreement among the proposed phase diagram exists. While detail diagrams are available for
temperature regions (above 1200 oC), the low temperature phase relations are not well established as
indicated by Troitzsch et al. (2005) For this binary system, three intermediate compounds were first
reported by Troitzsch el al and McHale et al, reporting the existence of the disordered high temperature
βZr1-xTixO4 phase with a wide homogeneity range. While earlier studies indicated the absence of any
compounds in the system and the presence of partial solid solutions, as shown in the phase diagram of
figure 4. Although, there is an agreement between different authors about the existence of intermediate
compounds and solid solution of the end members, their solubility ranges are incongruent, particularly in
the ZrO2 rich phase. Zirconium titanate (Zr,Ti)O2, the intermediate compound of the ZrO2–TiO2 system
is a solid solution that spans for compositions xTi=0.42–0.67; the mineral srilankite ZrTi2O6 (Willgallis
et al. 1983), and synthetic compounds such as ZrTiO4 (Newnham 1967) and Zr5Ti7O24 (Bordet et al.
1986) are all speciﬁc compositions within this solid solution. In comparison to the YO1.5–ZrO2 system,
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small additions of Ti make the fluoride region no longer stable at temperatures below 2300 oC. Also,
tetragonal zirconia can accommodate much more Ti additions in solid solution than additions of Y 2O3 ,
up to 20 mol% TiO2. The temperatures of the ZrTiO4, t-(Zr,Ti)O2, rutile and liquid invariant reactions
have been determined by different authors between 1700–1900 ◦C and they are consistent with each
other Dominguez-Rodriguez, et al., (1986) and Smith, et al., (1962). However, they are large
temperature differences for the invariant reaction between fluorite, liquid and t-(Zr,Ti)O2.

2.3.3

ZrO2-Ta2O5 Binary
For the Ta2O5-ZrO2 phase diagram, Roth el al. (1970) reported a study on the Ta2O5 rich

compositions (5–25 mol% ZrO2) obtained by solid-state method and heat treated at 1325 oC and 1410 oC
and followed by XRD phase identiﬁcation (Roth, et al., 1970). At the presented schematic diagram in
figure 4, the solubility of ZrO2 extended up to 10 mol% in the high temperature modiﬁcation of Ta2O5;
several phases with Ta2O5/ZrO2 where assumed to be stable in the system. King et al (1956). reported a
stable orthorhombic phase though non-stoichiometric at Ta2O5 concentration near the14.3 mol%
concentration (King, et al., 1956). Extension of homogeneity range of orthorhombic phase was found to
be up to ∼33 mol% of Ta2O5 in ZrO2. Later on the stability of orthorhombic phase Ta2Zr6O17 (or 6ZrO2Ta2O5) with less extensive homogeneity range between 11 and 17 mol% Ta2O5 was conﬁrmed as well as
maximum solubility of Ta2O5 in ZrO2 at 2 mol% (Zheng, et al., 1991). A calculated isothermal cross
section of the ZrO2-Ta2O5 system developed by Bhattacharya et al., assessing the thermodynamic
parameters to reproduce small solubility of Ta2O5 in these phases; the parameters of liquid phase were
not optimized because phase diagram at high temperatures is not known.

12

2.3.4

ZrO2-Y2O3-Ta2O5 system
In the search for new TBC suitable for use above 1200 oC, many researchers added oxides to the

YSZ system, for example, rare-earth elements. Ta-doped YSZ, which is stable up to 1500 oC has been
reported as one prospective TBC (Levi, et al., 2007). Wuchina et al looked at TaB2 additions to HfC,
HfN, and HfB2. They reported an increase in oxide scale density at 1500 oC for HfB2 (Wuchina, et al.,
2001). Talmy et al. has also studied Ta additions to ZrB2 –20 % SiC at temperatures up to 1400 oC
concluding with an increase in the oxidation resistance of this system compared to the system without
Ta. However, cubic and tetragonal phases appear to stabilize with additions of Ta2O5. The ZrO2-Y2O3Ta2O5 system is shown in figure 8. The peculiarity of the ZrO2–YO1.5–Ta2O5 system is in strong
interaction of Y3+ and Ta5+ cations in tetragonal ZrO2 matrix. Ta5+ by itself dissolves very little in the
tetragonal ZrO2 as reported by Guillermet (Guillermet, 1995). However, the tetragonal phases increase
significantly with increasing additions of Ta5+ and Y3+ together so that the solubility of YTaO4 in
tetragonal ZrO2 is much higher than that of individual Y2O3 and Ta2O5 (Pitek, et al., 2006) . Moreover,
adding YTaO4 into ZrO2 increases both its tetragonality and stability as stated by Kim and Tien. (Kim,
et al., 1991). Previous work in the ternary system shown in figure 8 suggests the presence of a single
stable tetragonal solid solution extending in the direction ofYTaO4. Maximal content of Ta2O5 in fluorite
structure reaches 4.5 mol %. It is also shown that tetragonal ZrO2 based solid solution was single phase
up to 22 mol% of YTaO4 in the join ZrO2–YTaO4. The two phase field of tetragonal ZrO2 based solid
solution and scheelite (t-ZrO2+Ta2O5+YTaO4) is stable up to 80 mol% of YTaO4. With the limited
phase equilibria controlling the effect of Ta2O5 or Ta on the ZrO2-Y2O5 system, more studies are needed
to determine the effect of temperature on the stability of the tetragonal ZrO2 phase with Ta2O5 additions.
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2.4

TiO2 Based Phase Equilibria

2.4.1

The TiO2-Y2O3 Binary
For the TiO2-Y2O3 binary phase diagram two intermediate compounds, Y2TiO5 and Y2Ti2O7

(pyrochlore) exist. The first intermediate phase (α-Y2TiO5) is orthorhombic transforming to a hexagonal
structure (β) at 1330 ◦C and then to a fluorite-type solid solution at 1520 oC according to Schaedler et al.
. The only published phase diagram for the TiO2–YO1.5 system by Nobuyasu et al. exhibits a combined
fluorite/pyrochlore solid solution phase field. However, the authors where not able to detect a fluoritepyrochlore two phase region (Nobuyasu, et al., 1976). The phase diagram by Nobuyasu was later
corrected slightly by Schaedler, et al. combining modeling results, experimental results and information
showing the presence of the fluorite-pyrochlore two phase region as observed in figure 6. The second
intermediate phase Y2Ti2O7 depicts a non-stoichiometric region which expands according to Schaedler
et al. at elevated temperatures. Neither an order/disorder temperature nor a melting point has been
reported for Y2Ti2O7.

2.4.2

ZrO2-Y2O3-TiO2 ternary
The tetragonal, zirconia-rich corner of the ZrO2 - TiO2–YO1.5system is of interest due to their

potential for enhancing the toughness of the standard thermal barrier oxide, namely yttria stabilized
zirconia. Prior assessments have revealed that, within the ZrO2/HfO2-based family, the tetragonal (t)
structure is preferable since tetragonal phase has a substantially higher toughness than the present cubic
phase. The tetragonal phase, which does not transform upon thermal cycling is desirable at temperatures
greater than 1200 oC. It has been found that rutile is one of a small number of oxides that increase the
tetragonality of the zirconia solid solution without compromising its phase stability. A second region of
interest in the TiO2–YO1.5–ZrO2 system is the Y2Ti2O7 (pyrochlore) region. These pyrochlores often
called (3-4) pyrochlores with the A2B2O7 formula were A is nominally a 3+ valence cation and B is a 4+
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valence cation are closely related to fluorite and can be considered as an ordered defective fluorite with
reduced intrinsic symmetry and more complicated structure, thereby exhibiting reduced thermal
conductivity.

2.5

Oxidation Mechanisms
High temperature oxidation of ceramic materials may form protective oxide scales, which could

decrease oxygen ingress. Major studies were done for SiC, Si3N and MoSi2 protected by a SiO2 layer.
For the SiC, Luthra and Park (1990) reported on a model consisting primarily of oxygen diffusion and
the subsequent generation of CO at the SiO2/SiC interface. The oxidation of SiC and Si3N4 occurs
according to Luthra’s model of oxygen diffusion through the SIO2 layer as a mixed mode of diffusion
and interfacial reaction. The ZrB2-SiC oxidation follows a similar oxidation controlled by the diffusion
of oxygen through a SiO2 as reported by Graham (Tripp, et al., 1973) and later confirmed by Farenholtz
(Fahrenholtz, 2007).
In the following section, Wagner’s parabolic rate law (Wagner, 1951) as developed for metal
oxidation is described with Yurek’s (1987) explanation of the assumptions inherent in Wagner’s
equation. Then the oxidation of TiC which concerns specifically the topic of the present study as well as
the diffusion in oxides.

2.5.1

The Parabolic Rate Law
The rate of thickening of a protective scale during the steady-state period of oxidation is usually

described by the parabolic rate law as summarized by Kofstad (Kofstad, 1966) ,
(

)

(6)

Where ∆x is the instantaneous scale thickness, t is time and kp is the parabolic rate constant. Integration
of Eq. (1) yields
(7)
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A plot of ∆x2 vs. time yields a straight line if the parabolic rate law describes the experimental data. The
slope of such a plot yields kp(cm2/s), which is used as relative measure of the rate of oxidation of metals
and alloys. According to the oxygen potential as determined experimentally at a constant temperature,
the parabolic rate constant provides a measure of the diffusion of reactants in a scale. In a short
Wagner’s model for the diffusion-controlled oxidation of metals using for the parabolic rate constant
reflect both the transport properties of the scale and the thermodynamic driving force for scale
formation. Wagner’s model provides, therefore, a very useful basis for understanding the mechanisms of
diffusion-controlled scale growth.
Wagner’s Model for Diffusion-Controlled Scale Growth

2.5.2

Wagner assumed that the rate of transport of each component depends on the gradient of the
electrochemical potential within a component. However, a scale can be made of several components. If
this is the case, the electrochemical potentials for all components within the scale are connected or
related by the sum of the relative charges of each component. Wagner derived the parabolic rate
constant for a scale on the metal (Me) as an ionic or electronic conductor.
∫
Where

]

(8)

is the partial pressure of X2 for equilibrium between Me and the oxide scale Meα+δX and ̃ is

the chemical diffusion coefficient and
gradient

̃[

is the thickness of the Me-O layer . Yurek reported that the

is expected to be virtually independent of the structure of the compound but ̃

expected to be structure-sensitive.

is

It is of common practice to calculate the parabolic diffusion

coefficient by the use of tracer diffusion. In which an ion is used as a tracer and the chemical diffusion is
calculated. Yurek related the parabolic rate constant with chemical diffusion coefficient – sometimes
called the interdiffusion coefficient. The tracer diffusion coefficient sometimes used for component Me,
(

) is related to the self-diffusion

* by equation 9.
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*

(9)

Where fMe is the correlation factor, which accounts for the structure of the diffusing tracer atoms,
and DMe* is the self-diffusion coefficient. Hence, the parabolic rate constant can be calculated with the
self-diffusion coefficient as shown in equation 10.
[

∫

]

(10)

As Poirier and Geiger noted, the chemical diffusion coefficient is useful in engineering
calculations and can be related to the self-diffusion coefficient according to Dahken’s equation for an
ideal solution
̃

(11)

For further explanation of the diffusion coefficients (e.g., self-diffusion and chemical diffusion),
the author refers the reader to Poirier and Greiger (1994) or Kirkalady and Young (1987) The effective
charge of the point defect by which cations diffuse in Meα+δX also does not appear explicitly in
equations 8 and 10. If one assumes ionic defects for the scale as controlling the oxidation, then the
parabolic constants can be calculated using equation 11
∫

[

]

With the cation diffusion DMe and anion diffusion Dx with the scale/matrix interface (
the gas/scale (

2.5.3

(11)
) and

) serving as the boundary conditions.

Wagner’s Model for Diffusion-Controlled Scale Growth Assumptions
Yurek reported on the assumptions considered in deriving equations 10-12 for the parabolic rate

constant. First, the scale is assumed as an homogenous diffusion barrier meaning that it is free of voids,
pores, and fissures. The metal/scale and scale/gas interfaces are understood as flat relative to the
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thickness of the scale an adherent on the substrate. The second assumption states that a single oxidizing
product forms. The effects of the solubility of the oxidant into the substrate or the formation of
multiphase are neglected, though multi-scales have been considered as extensions of Wagner’s basic
model. The third factor assumes that the cation flux does not depend on distance (for a given scale
thickness) or occurs with a small stoichiometry on the oxide layer. The final assumption states that the
local equilibrium exists at the metal/scale and scale/gas interfaces. If the rate of thickening of a compact,
pore free, adherent scale were limited at the scale/gas, then the scale would not be in equilibrium with
the gas phase (Yurek, 1987).

2.6

Characteristics of the TiO2 Scale
The reaction product of titanium carbide exposed to air is very similar to the reaction product of

silicon carbide and oxygen as shown in equation 13.
TiC+O2TiO2+CO

(13)

However, instead one liquid silicate phase from SiC the oxidation of TiC, a sequence of oxides
depending on temperature is expected to form according to the Ti – O phase diagram with Ti2O3 in the
interior of the scale and TIO2 at the scale/gas interface. The amounts of each oxide will be determined
on the basis of the Wagner theory of oxidation based on their respective defect structures and the rate of
ion diffusion through each phase. However, when oxidizing titanium in oxygen, a single oxide layer was
found consisting of one phase, rutile as confirmed by Kofstad el al. (Kofstad, et al., 1958)
The oxygen ion vacancies (

) may facilitate the diffusion of oxygen than for titanium in TiO2,

and as consequence the diffusion of oxygen from the outer layer of the oxide is expected to determine
the oxidation rate of titanium. Studies performed by Kinna and Knorr at 1200 oC indicate that the
diffusion of titanium ions also play an important role during oxidation. Investigations made by Kofstad
el al. revealed that at temperatures below 900 oC an apparent oxygen diffusion takes places; as the oxide
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layer grow in thickness, and a formation of thin layers parallel to the surface is noticeable indicating that
the growth of the oxide layer takes place at the metal/oxide interface. Kofstad summarizes that the
oxygen ion and interstitial titanium ions diffusion through the oxide scale during oxidation of titanium
may be described by the defects structure of the predominant oxide (e.g. Ti2O3, Ti3O5 or TiO2). Rutile
favors predominant oxygen ion diffusion and the titanium interstitial ions migration depends on the
temperature and oxygen potential.

2.7

Diffusion on the ZrO2-Y2O3 system
Little is known, on the cation kinetics in zirconia, especially on the diffusion along its grain

boundaries. Difficulties arise from the fact that the cation diffusion in zirconia is a very slow process; as
confirmed by Kowalski et al. (Kowalski, et al., 2000). Typically, diffusion coefficients of oxides are
determined by assuming that the grain boundary is considered as a thin slab perpendicular to the surface
where three regimes can be denoted according to the relation between grain size g, grain boundary width
δ, mean penetration distance in the bulk

and grain boundary segregation factor s of the diffusing

element. Diffusion experiments are mostly made when the penetration in the bulk or within the grain is
greater than the grain boundary, as described in equation 14.
(

)

(14)

Kowalksi et al. defined three regimes for transport processes. First, bulk diffusion from the
surface to the volume of the grain adjacent to the surface; the second regime is diffusion along the grain
boundaries, which is much greater than the bulk diffusion coefficient and the third process is bulk
diffusion from grain boundaries toward the neighbor grains. These regimes can be calculated expressed
as concentration in tracer vs, depth plot. The first part, which consists in diffusion from the surface to
the volume of the grain adjacent to the surface characterized, is typically characterized by a high slope,
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indicating that this diffusion happens at a higher rate. As developed by Kowalski at al. It is then possible
to calculate the bulk diffusion coefficient using the equation 15 .
̅

(

)

(15)

Where ̅ average concentration and x is depth. The second part of the concentration profile shows much
lower slope and it represents the second regime (diffusion along the grain boundaries). From this
regime, one can determine the grain boundary diffusion parameter (D’δs ) as shown in equation 16.
Where D’ is the grain boundary diffusion coefficient, δ the grain boundary width and s is the segregation
factor (ratio between grain boundary and bulk concentration of the element).
(

̅

)

(

)

(16)

Several studies have been made in the diffusion of ions in the ZrO2-Y2O3 system using this
method. A summary of this works is shown in figure 9. The numbers above the curves indicate the
reference number for additional data shown in Table 3.

Table 3 - Literature data on the diffusion in stabilized zirconia (Kowalski, et al., 2000), (Kowalski, et al., 2005),( (Oishi, et al., 1981)

No

System

1
2
3
4
5
6
7
8
9

16 mol% CaO-ZrO2
16 mol% CaO-ZrO2
12 mol% CaO-ZrO2
13 mol% CaO-ZrO2
25 mol% Y2O3-ZrO2
9.4 mol% Y2O3-ZrO2
18 mol% Y2O3-ZrO2
12 mol % Y2O3-ZrO2
30 mol % Y2O3-ZrO2

Temperature
Range (oC)
1700-2150
1700-2150
1700-2150
1375-1650
1400-1600
1100-1300
1100-1300
1375-1650
1375-1650

D0

Q

4.44E-5
3.5E-6
3.5E-6
1.98E-4
3.0E-1
1.4E-3
9.6E-5
4.07E-9
3.67E-7

419
387
387
423
564
511
511
47.7
127

Reference
(Rhodes, et al., 1966)
(Rhodes, et al., 1966)
(Rhodes, et al., 1966)
(Oishi, et al., 1978)
(Dimos, et al., 1987)
(Fisher, 1951)
(Fisher, 1951)
(Oishi, et al., 1981)
(Oishi, et al., 1981)

From figure 9 one can imply that the 5 mol% titania-doping in YSZ has no signiﬁcant effect on
the Nb5+ bulk diffusion character. The Nb5+ activation energy of the bulk diffusion in Ti–YSZ is very
close to that in YSZ in the range of experimental error and the values of the diffusion coefﬁcients are
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almost the same. The diffusion coefficient for oxygen diffusion is greater than the diffusion coefficient
for metallic ions as shown in figure 9.

Figure 3 - Phase diagram for the ZrO2-Y2O3 system (Chen, et al., 2004)
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Figure 4 - Calculated isothermal section of the ZrO2-Ta2O5 (Bhattacharya, et al., 2011)

Figure 5 - - Phase diagram for the ZrO2-TiO2 system (Schaedler, et al., 2008)

22

Figure 6 - Phase diagram for the-TiO2-Y2O3 system (Schaedler, et al., 2008)
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Figure 7 - - Phase diagram for the-TiO2-Y2O3-ZrO2 system (Schaedler, et al., 2008)
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Figure 8 - Phase diagram for the-Ta2O5-Y2O3-ZrO2 system (Bhattacharya, et al., 2011)
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Chapter 3: Methodology

3.1

Sample Preparation
The system under study consists of ZrB2 and TiC, with melting temperatures of 3244 oC and

3067 oC respectively. Studies have shown that ZrB2 can be fully densified by hot pressing at high
temperatures and applying external pressure (Weijiee, et al., 2008). Following this reasoning, the sparkplasma furnace would develop fully dense samples.

3.1.1

Sample Pre-loading Preparation
Zirconium boride (99.5% from Alfa Aesar), titanium carbide (99% from Johnson Matthey

Catalog Company) ,yttrium oxide (99.9% from Cerac) powders and tantalum (99.9% from Aldrich
Chemical Company) foil were synthesized by spark-plasma sintering process (SPS) at the Corral
Laboratory at the University of Arizona. The powders were ball milled for 72 hours using ZrO2 balls as
the media. A summary of the mixed powders weight percent used in this study are shown in table 4.
Table 4 - Weight percent compositions of the samples used in this study

Composition

ZrB2 (wt%)

TiC (wt%)

Y2O3 (wt%)

Ta (wt%)

1

37.8

15.6

46.6

0

2

30

13

37

20

3.1.2 Loading Procedure
The graphite assembly for the spark plasma furnace consisted of a graphite rod that was inserted
into a graphite sleeve as shown in Figure 6. The inside of the graphite sleeve, as well as the top of the
graphite rod, were covered with graphite foil to prevent the sample from sticking to the inner walls of
the graphite enclosure. The sintering furnace requires an initial load in order for current to pass through.
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Taking this into account, 2.3 g of the mixed composition were loaded into the cavity, covering this
powder with a graphite foil and another graphite rod, as shown in Figure 10.

Figure 10 - Schematic of SPS powder loading

The rods were set on a press and pre-loaded to a pressure of 3MPa. In order to prevent an
overshoot in the SPS system, the furnace was set to an initial ramp rate of 250 degrees/min, until the
final temperature of 1700 oC was reached. The furnace was programed to have a hold time of five
minutes once it reached 1700 oC. For the loading procedure, a 900 atm load was applied until the
pyrometer started recording constant temperatures. The different sintered pressures and temperatures are
shown in table 5. Inside the furnace, the graphite enclosure was insulated with a carbon pelt to reduce
the required load output and to maintain the high temperature operation.

Table 5 - Different Sintered Pressures and Temperatures used for the sintering process

Composition

Temperature

Pressure

Hold Time

Volume

Samples Made

ZrB2 – TiC- Y2O3

1700 oC

35 MPa

5 min

.67 cm3

3

HfB2 – TiC – Y2O3 - Ta

1700 oC

20 MPa

5 min

.48 cm3

4

HfB2 – TiC – Y2O3 - Ta

1600 oC

20 MPa

5 min

.48 cm3

1

HfB2 – TiC – Y2O3 - Ta

1750 oC

20 MPa

5 min

.48 cm3

1
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After the sample was cooled, the graphite foil was grinded off using a diamond grinder blade.
The density of the sintered sample was measured using the Archimedes’ principle and compared with
the theoretical values given by the weight percentages and its corresponding densities.

3.1.3

Oxidation in air atmosphere
The pellet created using the spark plasma sintering furnace described in the previous section was

cut into similar pieces using a diamond blade. A total of six sintered samples were exposed to an
atmosphere environment at 1500 oC for 5, 10, 15, 20, 25, and 30 minutes.
Samples were placed individually inside a ZrO2-8 wt% Y2O3 crucible filled with grog to prevent
any reaction between the sample and the crucible as shown in figure 11. Each crucible was placed inside
a molybdenum silicide furnace previously set at 1500 oC. The samples where then placed inside the
furnace and held for the desired amount of time (5, 10, 15, 20, 25, and 30 minutes). A Pt/Pt-10wt%Rh
thermocouple measured the actual temperature of the samples.

20% Rh/Pt 40% Rh/Pt thermocouple

Figure 11 - Loading process of sinter sample for oxidation in air atmosphere
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Chapter 4: Results
The formation of fully sintered samples using ZrB2, HfB2, TiC, Y2O3, and Ta was successfully
prepared by using the spark-plasma sintering furnace with the compositions described in Table 4. For
the samples containing ZrB2 – TiC- Y2O3 seven oxidizing runs at 1500 oC were accomplished with
exposure times of 5, 10, 15, 20, 25, 30 and 35 minutes in air. The samples composed of HfB2 – TiC –
Y2O3 – Ta, oxidizing runs were oxidized at 1500 oC at exposures times of 25, 30 and 45 min. All the
samples developed layers after the oxidation process. These layers were analyzed using Keyence VHX600 for optical microscopy, Bruker D8 for X-ray diffraction (XRD), and a Hitachi S-4800 field-emission
scanning electron microscope (SEM) coupled with energy dispersive analysis (EDAX).

4.1

Optical Microscopy

The microstructures of all the oxidized samples were analyzed with the aid of a Keyence VHX-600
optical microscope. All samples exposed to air environment exhibited two scale layer with the exception
of the 45 minute. The outermost scale which can be visually identified by its white glassy morphology
followed with the second scale adjacent to the core of the sample. The optical microscopic images of
the oxidized layers for the samples are shown in Figures 12-20. The 45 minute sample exposure is
omitted due to the fact that it only shows the presence of oxides.

4.2

X-Ray Diffraction (XRD)
The oxidized samples were also analyzed with a Bruker D8 X-ray diffraction (XRD). All

diffraction patterns were acquired with a 2.0 mm beam, 3 mm spacing with a scan speed of 5.10
degrees/minutes incremented at 0.0501 degrees to determine the phases formed from the outer to inner
core. The X-ray diffraction spectrums for the oxide layer show the existence of tetragonal and cubic
ZrO2; they also indicate a strong presence of YBO3 and Y2O3. For the inner core, all of the samples show
the presence of Y2O3, TiC, ZrB2 and ZrC.
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The samples composed of HfB2-TiC-Y2O3-Ta were analyzed using the same parameters as for
the ZrB2-TiC-Y2O3 samples. The X-ray diffraction spectrums for the oxide layer show the existence of
cubic-HfO2 and YBO3. For the inner core, all of the samples show the presence of Y2O3, TiC, HfB2 and
Ta

Figure 12 - - Optical microscope Image for the ZrB2 – TiC- Y2O3 oxidized sample in air for 5 minutes

Figure 13 - - Optical microscope Image for the ZrB2 – TiC- Y2O3 oxidized sample in air for 10 minutes
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Figure 14 - - Optical microscope Image for the ZrB2 – TiC- Y2O3 oxidized sample in air for 15 minutes

Figure 15 - Optical microscope Image for the ZrB2 – TiC- Y2O3 oxidized sample in air for 20 minutes

Figure 16 - Optical microscope Image for the ZrB2 – TiC- Y2O3 oxidized sample in air for 25 minutes
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Figure 17 - Optical microscope Image for the ZrB2 – TiC- Y2O3 oxidized sample in air for 30 minutes

Figure 18 - Optical microscope Image for the ZrB2 – TiC- Y2O3 oxidized sample in air for 35 minutes

Figure 19 - Optical microscope Image for the HfB2 – TiC- Y2O3 oxidized sample in air for 25 minutes
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Figure 20 - Optical microscope Image for the HfB2 – TiC- Y2O3 oxidized sample in air for 30 minutes
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Figure 21 - XRD spectrum of the Y2O3 - TiC - ZrB2 Unoxidized sample
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Figure 22 - XRD spectrum of the Y2O3 - TiC
- ZrB2 sample oxide layer and unoxidized
layer after oxidizing in air for 5 minutes
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Figure 23 - XRD spectrum of the
Y2O3 - TiC - ZrB2 sample oxide
layer and unoxidized layer after
oxidizing in air for 10 minutes
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Figure 24 - XRD
spectrum of the
Y2O3 - TiC - ZrB2
sample oxide layer
and unoxidized
layer after
oxidizing in air for
15 minutes
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Figure 25 - XRD spectrum of
the Y2O3 - TiC - ZrB2 sample
oxide layer and unoxidized
layer after oxidizing in air for
20 minutes
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Figure 26 - XRD spectrum of the Y2O3 - TiC ZrB2 sample oxide layer and unoxidized layer
after oxidizing in air for 25 minutes
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Figure 27 - XRD spectrum of the Y2O3 - TiC - ZrB2
sample oxide layer and unoxidized layer after
oxidizing in air for 30 minutes
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Figure 28 - XRD spectrum of the Y2O3 - TiC
- ZrB2 sample oxide layer and unoxidized
layer after oxidizing in air for 35 minutes

Figure 29 - XRD
spectrum of the HfB2
– TiC- Y2O3 – Ta
Unoxidized sample
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Figure 30 - XRD
spectrum of the
HfB2 - TiC – Y2O3 Ta sample oxide
layer and
unoxidized layer
after oxidizing in air
for 25 minutes
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Figure 31 - XRD
spectrum of the
HfB2 - TiC –
Y2O3 - Ta
sample oxide
layer and
unoxidized layer
after oxidizing in
air for 30
minutes
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Figure 32 spectrum of
the HfB2 TiC – Y2O3 Ta sample
oxide layer
and
unoxidized
layer after
oxidizing in
air for 45
minutes
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4.3 Material Characterization with Scanning Electron Microscope (SEM)
The scanning electron microscope (SEM) was also used to characterize the oxidized layer as
especially coupled with the energy dispersive X-ray analysis (EDAX) map scan analysis. The figures
shown in this section are labeled with their respective composite chemical formula indicated by the
pointing arrows; this was done by comparing both EDAX map scan analysis and the previously
performed XRD patterns. The images acquired to the use of the Scanning Electron microscope and
EDAX map scans are shown in figures 34-50. All microstructures show the presence of three distinct
layers. One layer consists of the unreacted core and the remaining two layers consist of less boride and
carbide and more oxide as expected. It is important to mention that ZrO2 starts forming in the middle
layer and diffusing outward into the Metal/Oxygen layer. For sample exposures greater than 15 min, the
presence of t-ZrO2 starts to increase in the middle layer and diffuse to the outermost layer. All of the
samples regarding their composition show the presence of “blowholes” which are considered as traces of
evaporation in the sample; probably caused by B2O3 and CO evaporation.
For the samples consisting of HfB2-TiC-Y2O3-Ta the same analysis was made and the
microstructures are very similar, as expected. HfO2 starts forming in the middle layer and diffusing
outward into the Metal/Oxygen layer and the presence of c-HfO2 starts to increase in the middle layer
and diffuse to the outermost layer. Similar to the ZrB2-TiC-Y2O3, all of the oxidized samples show the
presence of “blowholes”.
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TiC
TiC

a)
ZrB2

Y2 O 3

b)

Figure 33 – SEM Image (a) and magnification (b) of the sintered ZrB2 - TiC- Y2O3 sample

ZrB2 – TiC - Y2O3
Y2O3 - TiC – ZrO2

TiO2 - Y2O3 – ZrO2

B2O3
“Blowholes”
Figure 34 - Image of the sintered ZrB2 - TiC- Y2O3 sample oxidized in an air environment for 5 minutes
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1
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3

ZrB2 – TiC - Y2O3
Y2O3 – TiC – ZrO2

a)

TiO2 - Y2O3 – ZrO2

B2O3
“Blowholes”

1

ZrB2 – TiC - Y2O3

3

2

Y2O3 - TiC– ZrO2
b)

ZrO2 – Y2O3 – TiO2

Figure 35 - - a) SEM Image of the sintered ZrB2 - TiC- Y2O3 sample oxidized in an air environment for 10 minutes;
b) magnification on the interaction between the bulk (1) and the first oxide layer (2)

1

1
1

2

2

3

1

2

1

2

Figure 36 - Map scan of figure 35b (magnification on the interaction between the bulk (1) and the
1 layer (2));
1
2 Ti (Yellow), Y (green), Zr (Blue), Oxygen
first oxide
(Red)
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ZrB2 – Y2O3 – TiC
Y2O3 –TiC - ZrO2
2

1

1

2

TiO2 - Y2O3 – ZrO2
B2O3
“Blowholes”
“Glassy” Ti
enriched
Layer

Figure 37 - SEM Image of the sintered ZrB2 - TiC- Y2O3 sample oxidized in an air environment for 15 minutes

1

2

3

ZrB2 – Y2O3 – TiC
Y2O3 – TiC– ZrO2

a)
ZrO2– TiO2 - Y2O3
“Glassy” Ti
enriched
layer
2

ZrO2

b)
3
Y2O3 – TiO2

Figure 38 – a) SEM Image of the sintered ZrB2 - TiC- Y2O3 sample oxidized in an air environment for 20
minutes; b) Magnification of the interaction between the outermost oxide scale (3) and the middle
scale(2)
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Figure 39 - Map scan of figure 38a (SEM Image of the sintered ZrB2 - TiC- Y2O3 sample
oxidized in an air environment for 20 minutes); Ti (Yellow), Y (green), Zr (Blue), Oxygen
(Red)

1

2

3

ZrB2 – Y2O3 – TiC
Y2O3– ZrO2 - TiC

a)
ZrO2 –TiO2– Y2O3

Y2O3 – TiC rich region
ZrO2 precipitates

b)

TiC precipitates
TiO2 – Y2O3 melt
2

3

Figure 40 - a) SEM Image of the sintered ZrB2 - TiC- Y2O3 sample oxidized in an air environment for 25
minutes; b) Magnification of the interaction between the outermost oxide scale (3) and the middle scale(2)
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1
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3

ZrO2 –TiC– Y2O3
a)

ZrO2 –TiO2– Y2O3

1

ZrB2 – Y2O3 – TiC

Y2O3 – TiC
b)
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3
ZrO2 – TiC – Y2O3
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ZrO2
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c)
TiO2 – Y2O3 melt

Figure 41 a) SEM Image of the sintered ZrB2 - TiC- Y2O3 sample oxidized in an air environment for 25 minutes;
b) Magnification of the interaction between the unreacted core (1) and the middle scale(2); c) Magnification of
the interaction between the second layer (2) and outer scale(3)
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ZrB2 – TiC - Y2O3

Y2O3 – TiO2

a)

ZrO2 - Y2O3 – TiO2
1

2

3

ZrO2

b)
Y2O3 – TiO2
2

3

Figure 42 - SEM Image of the sintered ZrB2 - TiC- Y2O3 sample oxidized in an air environment for 30
minutes; b) Magnification of the interaction between the outermost oxide scale (3) and the middle
scale(2)

a)

b)
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Ta

TiC

HfB2

Ta

HfB2

TiC

Figure 43 - SEM Image (a) and magnification (b) of the sintered HfB2 - TiC - Y2O3 -Ta sample

Figure 44 - a) SEM Image of the sintered HfB2 - TiC-Y2O3-Ta sample oxidized in an air environment for 25
minutes; b) Magnification of the interaction between the unreacted core (1) and the middle scale (2); c)
Magnification of the interaction between the second layer (2) and the third layer (3)
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HfO2
Y2O3 – TiO2

Figure 45 - SEM Image of the sintered HfB2 - TiC- Y2O3 sample oxidized in an air environment for 45 minutes
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Chapter 5: Discussion
5.1

Thermodynamic Considerations

5.1.1

TiO2-ZrO2-B2O3
The oxidation of a ZrB2-TiC-Y2O3 composite in air was performed successfully at 1500 ˚C with

ZrB2 oxidizing readily to form tetragonal ZrO2 (t-ZrO2). The stability diagram calculated by the
thermodynamics of the system, or more specifically, the Gibbs free energy indicates that ZrB2 oxidizes
to ZrO2 at a Po2 ≤10-23 atm at 1500 ˚C, as shown in figure 46. The oxidation of ZrB2 occurs according to
the reaction; with liquid boria vaporizing at 1500 ˚C

ZrB2 + O2  ZrO2 + B2O3(l)

(17)

The vaporization of B2O3 is best represented by reaction 18; in which its vaporization is small but
sufficient though boria should form a TiO2-B2O3-ZrO2 slag
B2O3(l)  B2O3(g)

At a temperature of 1773K, liquid boria approaches a vapor pressure of
Figure 47, from vaporization data of a plot of logp

(18)

̌ 10-3 atm; as shown in

vs. the reciprocal of temperature.

The calculated Ti-ZrB2-O2 phase diagram at 1500 ˚C determined a large region of slag at a
Po2>10-13 atm, as shown in figure 48. The calculated ZrB2-TiC- O2 phase diagram also shows a slag
region consisting of ZrO2-TiO2-B2O3 across the binary at a Po2>10-13 (figure 49). A metastable B2O3(s)
still indicates from the calculated ZrB2-TiC-O2 phase diagram that the t-ZrO2 phase forms at
approximately at a Po2 of 10-15 atm, as shown in figure 50. The phase diagrams were determined via
Factsage with the databases consisting of Fact related data (i.e., FACT and slag A3 containing B2O3,
Ti2O3, TiO2 and ZrO2 data).
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Figure 46 - Predominance Diagram for Zr-O-B system

Figure 47 - Vaporization of B2O3 and TiO2
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Figure 48 - Ti-ZrB2-O2 Calculated phase diagram

Figure 49 - TiC-ZrB58
2-O2 Calculated phase diagram

Figure 50 - - TiC-ZrB2-O2 Calculated phase diagram with the presence of a metastable B2O2(s) phase

5.1.2

Stabilization of t-ZrO2
The tetragonal ZrO2 can dissolve approximately 0 .2 mole fraction of TiO2 at 1500 ˚C. For the

ZrO2- Y2O3binary phase diagram, Y2O3 also dissolves in ZrO2 . It is evident that above 15 mol% YO1.5,
cubic ZrO2 becomes completely stabilized and does not transform further for temperatures above
1500K. The presence of tetragonal and cubic zirconia phases indicate that Y2O3 is in fact aiding in the
stabilization of t-ZrO2.

5.1.3

Formation of YBO3
Analysis of the XRD’s show the presence of monoclinic YBO3 which is formed by following

equation (19)
Y2O3 + B2O3  2YBO3
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(19)

Analyzing the YBO3–B2O3 part of the Y2O3–B2O3 phase diagram (shown in figure 51) shows that the
melting temperature of YBO3 is approximately 1650°C, and a liquidus temperature up to about 97 mol%
B2O3 is 1373°C. The liquid B2O3 probably reacted with Y2O3 forming YBO3 even though Y2O3 is an
extremely table oxide. With the existence of YBO2 in the XRD, its formation may occur at lower
temperature than 1650 °C as shown in the YBO3-B2O3 phase diagram in figure 51.

Figure 51 - YBO3 - B2O3 phase diagram (Levin and McMurdie 1975)

Zaykoski et al. (2011) Also reported YBO3 formation when oxidizing YB4 ceramics at 1500 °C.
(Zykosky, et al. 2011).
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5.2

Oxidizing Consideration

5.2.1

Titanium Oxycarbide Formation
The presence of TiO2 was also noticed on the outer most scale of the oxidized sample. It is well

established that TiC will readily oxidize to titanium oxide (TiO2) However, depending on the oxygen
partial pressure and oxygen ingress at the rutile/carbide interphase oxygen might react with the carbide
phase according to the following reaction:
TiC+yO = TiC1-yOy+yC

(20)

According to Belluci et al., oxygen goes into the site of carbon, producing an oxygen vacancy
and carbon is displaced in interstitial position. This is equivalent to the formation of a new phase
adjoining the oxide layer. This assumption then implies that a chemical potential gradient of carbon
exists, and is oriented towards the oxide/air in interface where carbon diffuses to be burnt as
predominately CO if temperature is greater than 700 oC. The possible creation of a titanium oxicarbide
in titanium oxidation can affect considerably the oxidation resistance offered by the oxide scales formed.
Although research focused on the titanium oxycarbides especially in the area of the titanium oxycarbide
glass is limited. The samples analyzed in this study do not show the presence of a titanium oxicarbide
glass, this might be due to the fact of the amorphous structure cannot be detected by the XRD; However,
the SEM images could not confirm the presence of the titanium oxicarbide glass.
5.2.2

TiO2 vaporization
The formation of a ZrO2-TiO2 layer in the outermost scale is very important since the

inward diffusion of oxygen is determined by the ZrO2-TiO2 oxide scale. Bronson and Chessa (2009)
reported the formation of a TiO2 outer phase may benefit the oxidation resistance of a
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ZrB2 by lowering the vaporization of the scale by using a ZrO2-TiO2 system instead of a ZrO2SiO2
system. The scale loss of TiO2 is considerably less than SiO2, as shown in figure 52.

Figure 52 - The effect of the reciprocal temperature on the rate of scale loss for SiO2(l)
and TiO2(l) calculated by (Bronson, et al., 2008)

Where, Ji, max= maximum molar flux (gmol•(cm2 •s)-1) is determined by the coefﬁcient of vaporization
(αi, assumed to be equal to 1), the known molecular mass (Mi) and the temperature (T). However, the
conformation from oxidizing TiC caused bubbling on the samples studied. The TiO2-B2O3 liquid was
sufficiently viscous to entrap the Co, as well as B2O3/
5.2.3

Parabolic Growth Rate
With regard to the oxidation rate, the results indicate a parabolic growth rate as shown in figure

53 and table 6. Where the parabolic growth rate can be described according to Wagner’s classical
equation, as explained in section 2.6 is defined by equation;
∫

(21)
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Where the oxygen gradient of the boundary conditions corresponding to the

at the TiC/TixOy or the

ZrB2/ZrO2 reaction, of which the latter could have the lower oxygen gradient. Assuming Deff is taken
out from the integral to estimate it value, one can use equation 6 to calculate the Deff;
(22)
∫

Where, Deff is also equal to the sum of the lattice and boundary diffusion coefficients. The effective
diffusion coefficient for the ZrB2-TiC-Y2O3 oxidized sample in an air atmosphere was calculated using
the procedure described earlier and compared to the results presented in the literature review yielding to
the plot shown in figure 54, where the calculated effective diffusion coefficient is shown as a red dot. It
was assumed that the outermost part of the oxide layer was at an atmospheric pressure giving an oxygen
partial pressure of 0.21 atm and the inside of the oxide layer with an oxygen potential of 10-15 atm
according to figure 48. The effective diffusion calculated in this study approximates the diffusion of
oxygen for a ZrO2-Y2O3 oxide. However, the contribution of the grain boundary diffusion is not
measurable in the present study, but the grain boundaries are increased by oxygen ingress.

5.3

Oxidation of HfB2 – TiC – Y2O3 – Ta
The oxidation of an HfB2-TiC-Y2O3-Ta composite was also performed at 1500 ˚C. The

microstructures (Figures 42-45) containing HfB2 show that HfB2 oxidizes readily with oxygen to form
HfO2. The samples containing HfB2 behave very similar to the samples composed of ZrB2 as expected
because of the similarities between hafnium and zirconium. Although the HfO2-ZrO2 phase diagram is
characterized as isomorphous with HfO2, melting at 2801 ˚C and ZrO2 at 2707 ˚C, an important
distinction is that HfO2 is more stable that ZrO2 as evident in the Ellingham diagram of figure 56. A
HfO2-TiO2 layer was developed on the outermost oxide but the limited HfB2-TiC-Y2O3-Ta samples did
not allow an adequate comparison with the exposure times available for the ZrB2-TiC-Y2O3 composite.
However, similar patterns were observed between the HfB2-TiC-Y2O3 and ZrB2-TiC-Y2O3 systems.
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Titanium carbide resided immediately adjacent to the core and they decreased with increasing time
exposure.
It is also evident from the available microstructures, that the presence of tantalum in the sample
did not affect the overall oxidation mechanisms. Even though tantalum is expected to oxidize as shown
in the Ellingham diagram figure 56. Tantalum located in the middle of the sample was protected from
oxidation by the surrounding HfB2-TiC-Y2O3 matrix; yttria surrounded the Ta protecting it from oxygen
ingress. A reaction between tantalum and titanium could have been favorable to further decrease oxygen
diffusivity to the sample according to Wagner’s equation for scales one could state that the oxygen
partial pressure for a Ti-Ta-O2 system will be significantly lower than the pressure existing in the Zr-TiO2 system as shown in figure 55. The Ti oxides at a lower Po2 than Ta, as evident in figure 56 though the
Ellingham diagram infers qualitatively the same from the stability

Air Oxidation Oxide Layer
1200

thickness (um)

1000

800

600

400

200
2

2.5

3

3.5

4

4.5

5

5.5

6

SQRT(min)

Figure 53 - Plot of the ZrO2 - TiO2 - Y2O3 oxide layer growth vs. the square root of time at
an air environment with error bars representing the standard deviation
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Table 6 - Measurements for the oxide layer with the different exposure times and their corresponding standard deviation

5 min

10 min

15 min

20 min

25 min

30 min

35 min

Average
(µm)

253.16

461.42

556.2

621.57

731.59

786.37

1121.73

Standard
Deviation
(µm)

18.04

21.61

33.89

50.25

60.45

79.20

175.48
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Figure 55 - Calculated Ti-Ta-O2 phase diagram

Figure 56 - Calculated Ellingham Diagram for the oxidizing species
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Chapter 6: Conclusions and Future Work
The study presented here describes an investigation of an oxidation scale of a fully-sintered
Y2O3-ZrB2-TiC composite exposed in air at 1173K. Upon oxidation of the boride/carbide, a ZrO2-TiO2
was expected to form similar to the ZrO2-SiO2 dual scale of an oxidized ZrB2-SiC. The 47wt% Y2O338wt%ZrB2-16wt%TiC composite formed a dual scale consisting primarily of an Y2O3-ZrO2-TiC inner
scale with an outer scale of ZrO2-TiO2-Y2O3.
The samples oxidized with a parabolic layer growth allowing the calculation of the effective
diffusion coefficient indicating that the oxidation was controlled by oxygen ingress through primarily
the ZrO2-Y2O3 phase. The oxygen potential between the inner layer and the Y2O3-ZrB2-TiC core was
estimated by a thermodynamically calculated phase diagrams of TiC-ZrB2 and Ti-ZrB2-O2.
For comparison purposes, a sample composed of HfB2 – TiC – Y2O3 – Ta sample was also
oxidized at a temperature of 1773K. In this case, tantalum does not seem to react with any of the
borides/carbides present in the sample. In fact, it is protected by a Y2O3 scale. The rest of the sample
oxidizes very similar to the ZrB2 – TiC – Y2O3 sample; exhibiting the same oxidation mechanism.
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Appendix

Figure 57 - Optical microscope Image for the ZrB2 – TiC- Y2O3
oxidized sample in air for 5 minutes

Figure 58 - Optical microscope Image for the ZrB2 – TiC- Y2O3
oxidized sample in air for 10 minutes

Figure 59 - Optical microscope Image for the ZrB2 – TiC- Y2O3
oxidized sample in73
air for 15 minutes

Figure 60 - Optical microscope Image for the ZrB2 – TiC- Y2O3
oxidized sample in air for 20 minutes

Figure 61 - Optical microscope Image for the ZrB2 – TiC- Y2O3
oxidized sample in air for 25 minutes

Figure 62 - Optical microscope Image for the ZrB2 – TiC- Y2O3
oxidized sample in air for 30 minutes
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Figure 63 - Optical microscope Image for the ZrB2 – TiC- Y2O3
oxidized sample in air for 35 minutes
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